Quantal effects signify nonlinear relations in the properties of speech sounds, traditionally emphasizing articulatory-acoustic relations [Stevens, 1989, JPhon 17, 3-45]; these relations hold important clues to how continuous phonetic parameters map onto discrete phonological categories. Stevens described quantal states in laryngeal speech function, showing how the vocal fold abduction-adduction continuum can be partitioned into breathy, modal, and pressed phonatory quanta. This account, however, relies on a one-dimensional conceptualization of the larynx, which recent developments in laryngeal phonetic theory reveal to be inadequate [Edmondson & Esling, 2006, Phonology 23, 157-191]: a more realistic model must include the epilarynx. We reopen the issue of quantal laryngeal speech behavior in the context of recent research demonstrating quantal biomechanical properties in labial articulation [Gick, Stavness, Chiu, & Fels, 2011, Can. Acoust. 39, 178-179]. Our "whole larynx" approach , ICPhS, 1406-1409 countenances epilaryngeal influence on laryngeal articulatory and phonatory possibilities through quantal biomechanical and aero-mechanical effects. We demonstrate, through computer simulation, three novel cases of laryngeal quantality: (1) vocal-ventricular interaction in glottal stop, glottalization, and laryngealization; (2) aryepiglotto-epiglottal stricture in pharyngeal consonants; (3) epilaryngeal predisposition for growl-like or harsh phonation.
THE QUANTAL LARYNX REVISITED

Introduction: Speech Activity of the Epilarynx
The larynx contributes the primary acoustic source in the vocal tract through vibration of the vocal folds, and its articulatory capabilities enable extra dimensions of contrast in consonants and vowels. However, conventional models (Fant, 1960; Ladefoged, 1971; Halle and Stevens, 1971; Gordon and Ladefoged, 2001 ) reduce the speech functioning of the larynx to the vocal folds. In these models, laryngeal activity in speech is conceived of as a onedimensional, vocal fold abduction-adduction continuum; pitch and larynx height are additional parameters involving tension and elevation of the vocal folds, respectively. Recent research (Edmondson and Esling, 2006; Lindblom, 2009; Moisik, in preparation) , however, indicates that laryngeal activity in speech cannot be fully understood without considering the supraglottal structures of the larynx: namely, those forming the epilarynx -the ventricular folds, aryepiglottic folds, and epiglottis.
In this 'whole larynx' approach , the activity of the larynx is not limited to the vocal folds but also includes the function of the epilarynx above, and these structures interact in complex ways. We discuss three key examples which occur in language.
First is the so-called glottal constriction forming speech sounds such as glottal stop and creaky phonation; conventional wisdom holds that medial compression during adduction of the vocal folds is sufficient to produce these sounds. In reality, they can involve two further degrees of stricture: first, the ventricular folds (the lower epilarynx) descend and compress into the vocal folds, and then full closure of the epilarynx can occur at the aryepiglotto-epiglottal level (the upper epilarynx).
The pharyngeal sounds familiar from Semitic languages such as Arabic, are the second example. The standard account is that these sounds involve a stricture between the tongue root and the lower pharyngeal wall (a conceptualization propagated by early x-ray studies, such as Delattre, 1971; Ladefoged and Maddieson, 1996, pp. 12-13) . Recent research shows that the primary stricture is of the epilarynx (Esling, 1996 (Esling, , 1999 Heselwood, 2007) .
The third example, growling, cannot be accounted for with the one-dimensional vocal fold model because it lacks the structures that produce the sound. Even though growling is sometimes thought of as pathological, it is one of the normal functions of the epilarynx: it is commonly used in English for emphasis and is distinctive in languages such as !Xóõ (Traill, 1986) and Agul (Catford, 1983; Esling, 1999) .
We propose that the larynx exhibits quantal properties (Stevens, 1972) in its biomechanical-articulatory functioning involving interaction between the epilarynx and vocal folds. These quantal properties help to account for the categorical nature of speech sounds such as glottal stop, pharyngeal consonants, and growling. Stevens (1989, pp. 27-28) described quantal states in laryngeal speech function, showing how the vocal fold abduction-adduction continuum can be partitioned into breathy, modal, and pressed phonatory quanta. We revisit Stevens' proposal, but, in addition, consider how the supraglottal part of the larynx exhibits quantal behavior in speech production.
Quantal properties are not unique to the larynx: Gick et al. (2011) show that quantal properties characterize lip articulation in forming differing degrees of stricture (stop, approximant, etc.) . They claim that quantal relationships in articulatory biomechanics of the lips allows bilabial articulation to converge on one of a finite set of possibilities (such as stop or approximant constrictions) depending on which muscles are activated. This means that there is reduced need for active control of articulation and that consistent outputs can be obtained regardless of starting configuration and variable muscle activation.
The present proposal identifies quantal effects in these three articulatory and vibratory behaviors of the epilarynx: (1) vocal-ventricular contact, (2) aryepiglotto-epiglottal contact, and (3) epilarynx vibration. The first two effects, (1) and (2), are classifiable as cases of "ballistic overshoot" (Gick et al., 2011, p. 178) ; the third (3) is a more complex matter involving aero-mechanical relations between the epilarynx and vocal folds. In the present paper, a three-dimensional biomechanical larynx model in ArtiSynth (www.artisynth.org) is used to simulate effects (1) and (2). The paper also offers a theoretical analysis of how effect (3) shows quantal relations and how these can be simulated in future studies.
Methodology: ArtiSynth Modeling of Epilaryngeal Stricture
A larynx model was created using the ArtiSynth simulation toolkit, and was used to simulate sequential movements in epilaryngeal stricture. Meshes for this model were created with Amira (VSG, and FEI Company). With this software, the following laryngeal structures were segmented from images of axial sections through a male larynx (obtained, with permission, from the National Institute of Health's Visible Human data set): the major cartilages of the larynx, the hyoid bone, and the laryngeal mucosa. These segmentations were then converted into a set of surface meshes, which were set to a moderate resolution (polygon count) using Amira and exported into ArtiSynth. In ArtiSynth, the mesh data for the laryngeal cartilages (cricoid, thyroid, arytenoids, cuneiforms, and epiglottis) use rigid body dynamics; the hyoid bone is fixed in space; the entire laryngeal mucosa is defined as one 3D finite-element method (FEM) object, allowing it to be simulated using deformable-body mechanics. The FEM mucosa uses an incompressible Mooney-Rivlin material.
An approximate containment approach was used to connect the cartilages to the laryngeal mucosa, meaning that FEM nodes of the mucosa approximately (i.e. less than 2 mm away) contained within the volume of space occupied by the cartilage were defined as being rigidly attached to that cartilage. Simple point-attached musculature was then defined according to a conventional anatomy text (Zemlin, 1998) informed by specialized sources (Thumfart et al., 1999; Kimura et al., 2002; Imagawa et al., 2003) ; the muscles implemented are the thyrohyoid (TH), external and internal thyroarytenoid (TA), lateral cricoarytenoid (LCA), interarytenoid (IA), and thyroepiglottic (TE) muscles. Linear springs were used to represent the thyroepiglottic and the lateral and median cricothyroid and thyrohyoid ligaments, as well as the cricoarytenoid joints. Figure 1 shows the rigid framework of the larynx in our model and the point-to-point muscular attachments. FIGURE 1. Laryngeal framework and musculature used in the simulation. Rigid structures: 1 = epiglottis; 2 = hyoid bone; 3 = cuneiform cartilage; 4 = arytenoid (and corniculate) cartilage; 5 = thyroid cartilage; 6 = cricoid cartilage. Musculature: A = thyrohyoid muscle; B = interarytenoid muscles (oblique and transverse); C = lateral cricoarytenoid muscles; d = internal thyroarytenoid muscle; D = external thyroarytenoid muscle; E = thyroepiglottic muscle.
Muscle activation strength was heuristically determined through a series of experimental simulations. The goal was to simulate vocal-ventricular and aryepiglotto-epiglottal contact, using a single set of muscle activations. These two contacts are part of the constriction sequence involving progressive constriction of the larynx, starting with vocal fold adduction, then lower epilarynx (vocal-ventricular) constriction and finally upper epilarynx (aryepiglottoepiglottal) constriction. This sequence can serve two phonetic functions: all three stages of the sequence can constitute glottal stop, although vocal fold adduction with ventricular fold involvement is typical (e.g. Ringgaard, 1962; Lindqvist-Gauffin, 1972; Roach, 1979; Esling and Harris, 2003; Esling, 2005; Edmondson et al., 2011) ; the extreme endpoint, aryepiglotto-epiglottal constriction, can also serve the phonetic function of pharyngeal stop (although this function also involves tongue retraction), but requires the lower constrictions at the vocal folds and ventricular folds to have occurred (Catford, 1983; Painter, 1986; Esling, 1999; Esling and Harris, 2003) . This configuration is also observed in the production of growling involving aryepiglottic fold vibration (Sakakibara et al., 2004; Moisik et al., 2010) , and the close phonetic relationship between the pharyngeal sounds and the growled sounds reflects this fact (Esling, 1999; Hassan et al., 2011) . Although not simulable in ArtiSynth currently, if substantial airflow were passed through the larynx in this state, then simultaneous oscillation of the vocal folds and aryepiglottic folds would occur, which is tantamount to a growl (or a voiced aryepiglottic trill in phonetic terms).
Through the experimental simulations, muscle activation strengths which approximated the desired output of constriction at all three levels of the larynx (vocal, ventricular, and aryepiglottic) were identified. An illustrative simulation was then created by scaling each muscle's maximal activation strength by ramp function (1) which defined global activation level for the entire musculature during the sequence. At the start of simulation, activation level is at 0%, it then increases linearly for 1 second until 100% activation is reached, at which point the function is constant at 100% for 1 more second.
Two distances were tracked to provide an evaluation of model performance: the distance between the cranial surface of the (right) vocal fold and the caudal surface of the (right) ventricular fold; the distance between the (right) cuneiform tubercle and the (right side of the) epiglottic tubercle. Larynx height was monitored by tracking the difference between the vertical coordinate of the center of mass of the thyroid cartilage at the start of the simulation and its value through time.
Results
The sequence of selected frames in Figure 2 illustrates the simulation of the laryngeal constriction sequence showing first vocal fold adduction (moment 2), then vocal-ventricular contact (moment 3), and ever increasing narrowing of the upper epilarynx at the aryepiglotto-epiglottal location (moments 4 and 5). The set of time series plots in Figure 3 shows vocal-ventricular distance (top), aryepiglotto-epiglottic distance (upper middle), larynx height (lower middle), and relative activation level of the musculature (bottom). Vocal fold closure happens rapidly (moment 2 in Figure 2) ; shortly afterwards the vocal folds contact the ventricular folds. Since our model does not implement collision resolution, this results in interpenetration of the structures (as is evident in the time series plot for vocal-ventricular distance in Figure 3 ). While these events are occurring, the anteroposterior aperture of the epilarynx (at the aryepiglotto-epiglottal level) becomes progressively narrowed but does not achieve full closure. 
Discussion: Quantalities in Laryngeal Speech Behavior
The model simulates the dominant stages of epilaryngeal stricture: vocal-ventricular contact and aryepiglottoepiglottal compaction. The primary mechanisms of the contact in our model are as follows: (1) the lateral cricoarytenoid muscles and the interarytenoid muscles cause vocal fold adduction; (2) the thyroarytenoid muscles lift and cause concentric bulging of the vocal folds; (3) the thyroepiglottic muscles draw the epiglottis downward and forward, dragging with it the tissues of the lower epilarynx; (4) the thyrohyoid muscles cause vertical compaction of the entire laryngeal structure. The model does not simulate ventricular fold adduction, which often occurs in glottal stop and similar sounds (Esling and Harris, 2003; Edmondson et al., 2011) . It also does not simulate complete anteroposterior contact observed in the production of pharyngeal stops, but the model does approach a degree of epilaryngeal narrowing comparable with approximant and voiceless fricative varieties (Esling and Harris, 2003) . In voiced pharyngeals (such as the approximant), the vocal-ventricular compression concomitant with epilaryngeal stricture likely explains the occurrence of laryngealized phonation in these sounds (e.g. Butcher and Kusay, 1987) .
The moment of contact between the vocal folds and ventricular folds should mark a sudden change in the mechanical properties of the vocal folds. There should be sudden increase in damping and effective mass acting on the vocal folds (e.g. Laver, 1980, pp. 122-126; Moisik and Esling, 2011) and perturbation to mucosal wave transmission, if the vocal folds are vibrating. The biomechanical-articulatory quantal effect is likely a matter of ballistic overshoot since the contact occurs prior to full engagement of epilaryngeal stricture. Furthermore, if there is a sudden change to vocal fold dynamics, then there is likely an articulatory-acoustic quantal relation coorganizational with the biomechanical-articulatory effect (e.g. a sudden change from modal to creaky phonation). At the aryepiglotto-epiglottal stage, the compression of the tissues of the aryepiglottic folds into the retracting epiglottis should constitute another quantal effect. Since there is progressively more tissue compaction (at the vocalventricular level up through the epilaryngeal tube) as the larynx constricts, a sphincteric saturation will limit further constriction.
Epilarynx vibration constitutes another domain of laryngeal quantality. A remarkable fact about the epilarynx is that nearly any part of it can be set into vibration (Moisik, in preparation) . If there is simultaneous vocal fold vibration, there will be amplitude modulation of the glottal source determined by the frequency of epilaryngeal oscillation, giving rise to subharmonic structure in the spectral domain. This happens regardless of what part of the epilarynx vibrates, suggesting that the epilarynx can very reliably create "growling" (e.g. see Rose, 1989) qualities. Furthermore, growling is classified as the sub-type of non-modal phonation sometimes called "harsh" (Laver, 1980, pp. 126-132; Esling and Harris, 2005) , which Gerratt and Kreiman (2001) argue is perceptually distinct from other non-modal phonation types. What all this suggests is that growling is a quantal function of the epilarynx, one that is characterized by concomitancy of quantal effects in the aero-mechanical, aero-acoustic, and auditory-acoustic domains.
Accepting this analysis, it is not surprising that growling is found as a distinctive sound quality in language (Catford, 1983; Traill, 1986; Esling, 1999; Miller, 2007) . What a quantal account cannot explain is why growling is relatively uncommon in phonological systems. The answer likely has to do with the effort involved in engaging the epilarynx sufficiently to enable growling to be efficiently produced. Pharyngeal consonants are also relatively uncommon in the world's sound systems (Ladefoged and Maddieson, 1996) , and these sounds use essentially the same laryngeal configuration as growling (Hassan et al., 2011) . So the cross-linguistic occurrence of distinctive growling might be similar to or more restricted than the pharyngeals.
Limitation of the Current Larynx Model
Several observations about model design are warranted. First, the results must be considered preliminary because it was not possible to implement ArtiSynth's collision resolution in this version of the model. This is because applying the self-collision constraint to the FEM mucosa dynamics could not be solved successfully: this suggests additional refinement of the laryngeal meshes is required. Second, the musculature is highly simplified and can be greatly improved. For this version, point-attached muscles were used and functional stiffening associated with muscle contraction was not implemented. An earlier attempt was made to define muscle fibers (following the same procedure as in Gick et al., 2011) , but the distribution and orientation of elements within the mucosa mesh made it such that consistent fiber orientation was impossible to achieve; hence, line-based muscles were used. Moreover, finer muscles such as the various branches of the external thyroarytenoid (Reidenbach, 1997 (Reidenbach, , 1998 or aryepiglottic muscles were not implemented, though both likely play a role in epilaryngeal constriction.
Conclusion
We investigated three quantal effects associated with laryngeal behavior that become apparent when one considers the operation of the epilarynx. Through preliminary, 3D biomechanical modeling of the larynx using ArtiSynth, a sequence suspected to involve quantal relations in biomechanical-articulatory terms was simulated. Two contacts are possible in this sequence: vocal-ventricular contact and aryepiglotto-epiglottal narrowing. Both of these are identified as articulatory stages associated with the progressive narrowing of the epilarynx. It is suspected that two types of quantal effect are likely involved: vocal-ventricular contact exhibits ballistic overshoot and aryepiglotto-epiglottal constriction exhibits sphincteric saturation. Growling is posited to constitute an additional quantal behavior of the larynx.
